A series of molybdenum nitride films was synthesized by electron beam evaporative deposition of molybdenum, with simultaneous bombardment by nitrogen ions from a Kaufman ion source. The nitrogen ions were accelerated to 500 or 1000 eV. The film compositions and structures were determined using Rutherford backscattering spectrometry and X-ray diffraction respectively. Effective reflection and sputtering coefficients for nitrogen incident on the molybdenum nitride surfaces were extracted from the data. These coefficients were used to calibrate the deposition system and allowed the deposition of molybdenum nitride films with control of the nitrogen atom concentration to ±2.3at.%. In general, the films were polycrystalline with a high degree of texturing. The phases found in order of increasing measured nitrogen content were as follows: ' 1-Mo2N (f.c.c.), /3-Mo16N7 (b.c.t.), Bi-MoN (f.c.c.) then 8-MoN (h.c.p.).
Introduction 2. Experimental details
The catalytic and sorptive properties of molybdenum After in sifu sputter precleaning of the substrate with nitrides are governed by their structures and composinitrogen ions to a dose of 7 mC cm 2, a series of films tions [1, 2] . Some effects of the bulk structure and was deposited at temperatures less than 120~C onto composition on the catalytic and sorptive properties of substrates of area 1 cm2 cut from Si( 100) wafers. molybdenum nitride powders have been reported [3] Molybdenum was electron beam evaporated and deposbut little is known about the effects of the surface ited onto the substrate at a rate of 0.54 nm~~, as structure and composition. Our previous studies have measured by a quartz monitor. A space-chargeshown that it is difficult to ascertain structure-function neutralized nitrogen ion beam from a Kaufman ion relationships for molybdenum nitride powders. source 3 cm in diameter (discharge voltage, 50 V; acceler-A detailed examination of the relationships between ator voltage, -400 V) impinged on the sample at an the surface structure and composition, and the catalytic angle of 10~from the surface normal. Most of the films function of molybdenum nitrides warrants the use of were synthesized using a beam voltage of 500 V. materials with well-defined surface structures and comHowever, a few films were prepared using 1000 V to positions. Structure and composition are very difficult determine the effect of beam energy on the film properties. to control using conventional synthesis techniques.
The distance from the ion source apertures to the subHowever, ion-beam-assisted deposition (IBAD) offers strate and to the Faraday cups (total entrance aperture greater control over the film composition and orientation area 0.146 cm2), which monitored the ion currents, was than do other techniques [4, 5] 20.5 cm. The system base pressure was 2 x 10~Torr. The In this paper we discuss the synthesis of molybdenum operating pressure of 5 x 10~Torr was maintained by nitride thin films using IBAD. We present the depenmeans of mass flow control of the N 2 gas. The previously dences of the stoichiometry and crystal structure on the measured charge state distribution of the ion beam [10] arrival rate ratio of nitrogen to molybdenum and on the (89% N2~and 11% N~)resulted in the numbers of energy of the nitrogen ions. A deposition system calibraincident nitrogen atoms per ion being equal to 1.89. For tion is detailed herein, including measurements of the a beam voltage of 500 V, on average, 94% of the atoms effective sputtering and reflection coefficients for nitrogen have energies of 250 eV. Films of uniform composition incident on the films. The catalytic and sorptive proper-200-300 nm in thickness were deposited by varying the ties will be reported elsewhere, nitrogen ion current while maintaining a constant molyb-
The samples were analysed for their nitrogen and identical for all species in the beam and equal to 1.08. molybdenum contents by means of Rutherford backwhich is correct for the reaction scattering (RBS) using He 2~ions of energy 2 MeV N~(500eV)+N.,-*N~(500eV)+Nĩ ncident at an angle 15 from the beam direction. The -crystal structure was determined by X-ray diffraction At the operating pressure of 5 x l0~Torr, even if the using a Rigaku DMAX-B diffractometer. One sample charge exchange cross-sections differed by a factor of was inserted into a cryostat and tested for the existence three for other interactions, such as N~(5O0eV)+N,. of a superconducting transition. This verified the presthe value of (1 + /1) would change by less than 2°/. ence of the BI-MoN phase, which could not be unambig-
The total measured areal densities of nitrogen and uously identified by X-ray diffraction alone, molybdenum, obtained by RBS, were divided by the deposition times to obtain the fluxes of nitrogen (F~) and molybdenum (F~0 ) incorporated into the film. These 3. Stoichiometric properties fluxes are plotted r's. the incident nitrogen flux FN in Figs. 2(a) (for nitrogen) and 2(b) (for molybdenum). The Figure 1 shows a typical RBS spectrum for a molybrelationship between F~and FN was very well described denum nitride film deposited onto Si(l00), and a single by a straight line with a slope of 0.45 and r intercept of layer simulation using the analysis program RUMP [6] .
0.43 x 1015 at cm 2 s~(Fgas). The relationship between The data were consistent with a film of uniform composi-
F~0
and FN has been fitted to a straight line of slope tion throughout the 300 nm thickness, assuming the film -0.17 and v intercept 3.4 x iO'~at cm 2 s'(FMO). The had bulk density.
" intercept FM 0 agrees well with the evaporation rate of Following analysis methods used in previous work 0.54 nm s multiplied by the bulk atomic density of [7] . the incident nitrogen flux can be represented by
Here, ) is 1.89 atoms ion~, as discussed previously.~3 nitrogen for molybdenum nitrides with changing atom and FMO indicate that 11 at. % Ni was incorporated into fractions. The negative free energy of formation indicates the films through a process such as chemisorption of that the binding energy increases with x; however, we nitrogen from the gas phase. expect this to be a weak effect, so we model the binding The flux of nitrogen incorporated into the film (in energy as a constant. Fig. 2(a) ) has three components and can be modeled by
The reflection coefficient should decrease as FN increases, since the average atomic mass decreases as x FN=FN(1-r-SN)+F (2) increases at the surface. Finally, the gas absorption term The term r accounts for ions and energetic neutrals Fgas may depend on FN, since the beam can sputter reflected from the surface. The term SN accounts for adsorbed gases from the surface, alter the fraction of sputtering of nitrogen previously incorporated into the adsorption sites, and stimulate chemisorption of nitrogen surface. Fgas then represents nitrogen incorporated into in proportion to the beam current. These effects might the film from the ambient N 2 gas. These three terms compete with one another. should generally be considered as functions of the fracWhile the discussion in the previous paragraphs has tion of nitrogen at the surface. The nitrogen fraction is suggested a non-linear dependence of F~on FN, the expected to vary with depth and remain near the surface experimental data presented in Fig. 2 The incorporated flux of molybdenum in the film in equal to 2AR~and from the stochastic nature of the where SMO is the partial sputtering yield for nitrogen (1) The effective sputtering yield S is linearly depenincident on Mo 1_~N~. Linear regression of the data dent on the stopping power at the surface [8], which, presented in Fig. 2(b) gives a constant SMO=O.l 7. We for nitrogen ions in Mo 1~increases as x increases, expected SMO to be a function of FN for the same reasons (2) The projected range Rõf nitrogen decreases as x given previously with respect to SN. The decrease in the increases. Therefore, the amount of nitrogen available concentration of molybdenum available for sputtering to be sputtered from the surface will increase as FN from the surface should decrease SMO, according to increases, faster than the increase discussed earlier, mechanism (2) described previously. Since the data are However, the decrease in AR~may have an opposing reasonably well represented by a straight line, we have effect, assumed that 5Mo was independent of FN in the range (3) The sputtering yield depends on the binding energy investigated. at the surface, which changes as the nitrogen fraction at Table 1 compares the measured reflection and sputterthe surface changes. We found no data on the dependence ing coefficients with those calculated using the computer of the surface binding energies of molybdenum and code TRIM [9] for pure molybdenum and stoichiometric which was not observed (Fig. 2(b) vs. the measured ion current density is plotted in Fig. 3 . The curve in this figure is derived from the straight line sample. The nitrogen ion energy indirectly affected the struc- for films deposited at the same arrival rate ratio, a mixture of f~-Mo 16N7and Bl-MoN phases was produced molybdenum nitride films with N: Mo stoichiometries using nitrogen ions of energy 500 eV; however, fl-MoN between 0.35 and 1.17. RBS data indicated that the films was predominant when ions of energy 1000 eV were had uniform compositions. 11 at.% N was found to be employed. Figure 6 summarizes the X-ray diffraction directly incorporated into the growing film from the gas data.
phase at a deposition pressure of 5 x l0~Torr. The Most of the films exhibited very strong texturing. The amount of additional nitrogen incorporated into the y-Mo2N crystallites were formed with the (200) planes films was directly proportional to the ion current density. preferentially oriented parallel to the substrate surface,
The fraction of nitrogen atoms reflected and sputtered and the /3-Mo16N7 crystallites were textured such that from the films was measured and found to follow the the (400) planes were parallel to the surface. The same trend as Monte Carlo code predictions, but the Bi-MoN crystallites were oriented such that the (200) agreement in absolute value was poor. The molybdenum planes were parallel to the substrate surface. When sputtering coefficient for nitrogen incident on the molybmolybdenum was deposited in the absence of nitrogen denum nitride surface was measured and the agreement ion bombardment, the planes of highest density, i.e.
with calculated values was excellent if the values were Mo(110), were preferentially oriented parallel to the extrapolated to 11 at.% N at the surface. substrate surface. This type of texturing, which is charac-
The molybdenum nitride phase that formed corresteristic of vapor-deposited materials, was not observed ponded to the phase with stoichiometry closest to the for the IBAD molybdenum nitrides. The origin of texturoverall film composition. The fl-Mo16N7 and (5-MoN ing produced during IBAD has been the subject of phases were formed near the equilibrium compositions, considerable research [4] [5] [6] . In a few films deposited in but metastable phases were formed near nitrogen fraca different deposition system, we found evidence that tions of 0.3 and 0.5, and consisted of y-Mo2N and the texturing produced during IBAD depends on the Bi-MoN phases respectively. X-ray diffraction evidence angle of incidence of the ion beam [15] . We believe that for the B 1 -MoN (f.c.c.) phase was confirmed by the the texturing is a result of ion channeling effects which existence of superconductivity in one of the films. favor the development of orientation with the more open Figure 6 summarizes the structural data. directions aligned with the ion beam. Since channeling There was a significant degree of texturing in the increases R~, this explanation is consistent with the lack films. The '/-M02N films were textured with the (200) of evidence for a strong dependence of the surface planes oriented parallel to the substrate surface, while nitrogen fraction in the growing film on FN.
the fl-Mo16N7 films were oriented such that the (400)
planes were parallel to the substrate surface. The results show that molybdenum nitride films with reproducible 5. Conclusions compositions and structures can be synthesized using a calibrated IBAD system. IBAD of molybdenum using a nitrogen ion beam at various nitrogen-to-molybdenum arrival ratios produced 
